Discrimination of the fundamental frequency by children: a comparison of two alternative procedures by Sze, Pui-yan, Ada & 史佩欣
Title Discrimination of the fundamental frequency by children: acomparison of two alternative procedures
Other
Contributor(s) University of Hong Kong.
Author(s) Sze, Pui-yan, Ada; 史佩欣
Citation
Issued Date 2006
URL http://hdl.handle.net/10722/50056
Rights Creative Commons: Attribution 3.0 Hong Kong License
 1
Discrimination of the Fundamental Frequency by Children: 
A comparison of two alternative procedures 
 
 
 
 
 
 
 
 
 
Sze Pui Yan, Ada 
 
 
 
 
 
 
 
 
 
A dissertation submitted in partial fulfillment of the requirements for the Bachelor of Science 
(Speech and Hearing Sciences), The University of Hong Kong, June 30, 2006 
 
 
 2
Abstract 
 
This study investigated the fundamental frequency (F0) discrimination of complex tones 
by children under two decision paradigms. Children aged 4, 5, 6, 10 and young adults 
participated in the study. In the 2-interval, 2-alternative forced-choice (2I-2A FC) 
decision paradigm, participants were asked to decide whether the two pairs of tones were 
the same or different. In the 3-interval, 2-alternative forced-choice (3I-2A FC) decision 
paradigm, they were required to identify the tone in the second or third interval that was 
identical to the first tone. The F0 discrimination ability was examined with reference to a 
standard tone with 120Hz F0. The results showed that children’s F0 discrimination under 
both decision paradigms reached adult level by 10 years of age. The results also indicated 
that the F0 discrimination thresholds found in the 2I-2A FC decision paradigm were 
significant smaller than those found in the 3I-2A FC decision paradigm. No interaction 
effect was observed between the effect of age and task-related demand on memory. The 
findings give implication for the choice of decision-making paradigm in further 
investigation on the perception studies in normally developing children and the working 
memory studies in children with disordered development. 
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Introduction 
Most animals, including human, produce complex rather than pure tones for 
communication (Medvedev, Chiao & Kanwal, 2002; Yost, 1994). Perception of complex 
sounds is a major function of the auditory system in human (Medvedev, Chiao & Kanwal, 
2002). In order to process speech, listeners should also be able to process acoustic 
changes in term of frequency, intensity and duration which bring about psychological 
perception of pitch, loudness and timing (Jensen & Neff, 1993).  
Fundamental frequency (F0) is the characteristic that determines the pitch of a 
complex sound (Werner & Marean, 1996). It provides supra-segmental information of 
speech in the form of nature of utterances, age, gender and emotional status of speakers 
(Yavas, 1998). The perception of pitch, relying on the ability to discriminate fundamental 
frequency in complex speech sounds, is therefore a crucial element in speech perception.  
Cantonese, being one of the world’s tone languages, conveys lexical meaning by 
changes in the pitch pattern (Bauer & Benedict, 1997). There are six contrastive tones in 
Cantonese which differ in terms of F0 level and contour. A slight change in the level 
and/or contour of F0 may arrive in different meanings conveyed. In other words, the 
ability in pitch perception determines children’s ability in perceiving tones and acquiring 
language in critical developmental period. Given the importance for speech perception, 
investigations of the normal development of F0 discrimination might provide valuable 
insights into the mechanisms underlying both normal and disordered language acquisition 
in children. 
Frequency difference limen, also known as just-detectable difference or 
differential threshold, is defined as the size of the smallest detectable change in pure tone 
frequency (Moore, 2003). It provides a means to estimate human sensitivity to changes in 
frequency, which varies with the base frequencies of input signals and developmental 
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ages in early childhood. The threshold value of pure tone frequency difference (∆f) 
remains approximately constant at the function of ∆f/f=0.0015 within an intermediate 
range of frequency at around 1k Hz (Yost, 1994). For instance, if f=700 Hz, then 
∆f/700=0.0015 and ∆f=0.0015 X 700=1.05 Hz. The threshold then increases with the 
base frequency (f) above 1k Hz. Studies also show that the frequency discrimination 
ability develops as age increases. Thompson, Cranford & Hoyer (1999) found that the 
threshold of frequency discrimination for 1k Hz, 200-ms pure tones decreased with 
increasing age up to 7 years old upon which the adult standard of 4.8 Hz mean threshold 
was acquired.  
A number of research studies have been conducted to look into the ability in 
frequency discrimination of pure tones among children. Maxon and Hochberg (1982) 
found that children could discriminate pure tone frequency as the adult control in Harris’ 
study (1952) by 12 years old. They found the plateau of frequency discrimination later 
than the age after 7 years old as observed by Thompson, Cranford and Hoyer (1999). In 
the study of Thompson, Cranford and Hoyer, participants were required to make 
frequency identification, which might be more difficulty for young children than the 
discrimination task in the study of Maxon and Hochbery. With the different testing 
paradigms employed, these studies failed to reach a consensus for the developmental age 
at which the frequency discrimination ability reached the adult standard. Furthermore, the 
pure tones used in these studies did not allow a direct estimate on the ability to 
discriminate the frequency of complex sounds (Martin & Clark, 2000). 
Recent studies switch the focus towards complex tones that are more relevant for 
understanding speech perception. Cheung (2005) showed that children’s ability in F0 
discrimination was not adult-like until around 6 years old. Ten subjects in each age group 
at 4-year-old, 5-year-old, 6-year-old, 10-year-old and young adults aged from 18-25 were 
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asked to determine whether the two intervals were the ‘same’ or ‘different’ in a two-
interval two-alternative forced choice (2I-2A FC) task with complex tones presented in a 
duration of 100msec. However, Kung (2005) found that children achieved adult standard 
in F0 discrimination by 10 years old.  Sixteen subjects in each age group with the same 
range as Cheung were asked to decide ‘which’ of the three intervals contained the 
different tone in a three-interval two-alternative forced choice (3I-2A FC) task with tones 
presented in a duration of 300msec. By comparing their results, Cheung found earlier 
plateau with lower thresholds of F0 difference limen of complex tone (DLC) than Kung.  
As mentioned above, auditory processing greatly depends on the frequency and 
temporal cues. Then is it possible that the temporal difference in the durations of the 
stimuli used by Cheung (2005) and Kung (2005) account for the discrepancy in their 
findings. Bishop and McArthur (2004) found that the frequency discrimination thresholds 
were lower for tones with longer duration. They proposed that longer sounds allowed 
more opportunities for sampling and posed less demand on the frequency difference for 
discrimination. With the longer sounds used in Kung’s study, therefore, lower thresholds 
should be expected relative to Cheung’s study. However, the opposite finding means that 
differences in duration cannot account for the lower thresholds in Cheung’s study. 
One possible explanation for the discrepancy in the above studies is the different 
methodologies used. Firstly, the small number of subjects used by Cheung (2005) may 
lead to underestimation of the difference in the F0 discrimination thresholds between 
children and adult controls. Therefore, this factor will be controlled in the current study 
by using a large enough sample of subjects. Different test paradigms, necessitating 
various task-related demands in term of linguistic, cognitive (including attention and 
short-term memory) and motivational aspects, are also proposed as possible factors 
affecting the performance in F0 discrimination. Recent studies only focused on 
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controlling the linguistic demand of the task. Thompson, Cranford and Hoyer (1999) 
attempted to minimize the load on verbal labeling such as comparative terms ‘High/Low’ 
by utilizing ‘Same/Different’ task. In the ‘Same/Different’ task, the participants were 
only required to determine whether the two tones presented were the ‘same’ or ‘different’ 
without making comparison between tones. However, much less attention has been given 
to the effect of other possible task-related factors such as cognitive demands on 
discrimination. Although Bishop and McArthur (2004) made a study on the effect of 
cognitive memory on frequency discrimination for pure tones among participants aged 12 
to 21, they failed to prove the effect to be significant. There was also little published 
information on younger children by using complex tones as stimuli.  
 
Purpose of the current study 
The present study is going to investigate the following three research questions.  
1) This project is a continuation of Kung’s (2005) and Cheung’s (2005) projects to 
study children’s ability in frequency discrimination. In their projects, different 
developmental milestones were found for the acquisition of adult-like F0 
discrimination ability by using different behavioral test paradigms. In the present 
study, the effect of task was balanced by averaging the thresholds in both 2I-2A 
FC and 3I-2A FC paradigms. The first aim of the current study is to re-examine 
the developmental milestone in the F0 discrimination for complex tones. 
2) Thompson, Cranford and Hoyer (1999) proposed that specific test paradigms 
placed cognitive demands which could differentially affect children’s 
performance in frequency discrimination. Bishop and McArthur (2004) further 
illustrated that a behavioral test paradigm with minimal demands on non-
perceptual task-related factors (e.g. memory) would allow more valid reflection of 
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F0 discrimination. By comparing the results of Cheung (2005) and Kung (2005), 
higher thresholds of F0 DLC were found with the 3I-2A FC paradigm than those 
found with the 2I-2A FC paradigm. It was hypothesized that the 3I-2A FC 
paradigm should place greater demand on children’s ability of memory and hinder 
children from making F0 discrimination. Therefore, the second aim of the current 
study is to test for the hypothesis that task-related demand on memory has an 
effect on the F0 discrimination of complex tones in children. 
3) Relative to Cheung’s study (2005), the later plateau of F0 discrimination found by 
Kung (2005) may be explained in term of the interaction effect of age and task-
related demand on short-term memory. Gathercole (1996) claimed that children 
do not tend to use sub-vocal rehearsal until 7 or 8 years old. Since short-term 
memory plays a crucial role in holding acoustic information and prevents it from 
decaying (Eysenck, 1990), late maturation in using sub-vocal rehearsal may delay 
children from using short-term memory to hold acoustic information. It was 
hypothesized that the 3I-2A FC task imposed greater load on memory than the 2I-
2A FC task, so younger children with immature short-term memory should be 
more vulnerable to the effect of the task-related demand on memory in the 3I-2A 
FC task than older younger. If there is interaction effect between age and task-
related demand, the discrepancy of F0 discrimination thresholds between the 2I-
2A FC and 3I-2A FC tasks would diminish or disappear with increasing age in the 
developmental period. Therefore, the third aim of the current study is to verify for 
the hypothesized interaction effect between age and task-related demand on 
memory. 
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Method 
Participants 
A total of 125 children were recruited initially in the experiment. There were 35 
4-year-old children, 28 5-year-old children, 22 6-year-old children and 20 10-year-old 
children. They were all recruited from local kindergartens and primary schools. Due to 
the high rejection rate reported in Cheung’s and Kung’s studies, 3-year-old children were 
excluded from the current study. Twenty-five children, with fifteen 4-year-old children, 
eight 5-year-old children and two 6-year-old children, were excluded from the test at the 
end as they either failed the training session or failed to give reliable responses in the 
experimental session. In addition, twenty young adults aged from 18-24 with a mean age 
of 23.2 years were tested to serve as a control group. The adult subjects were recruited 
from local universities and from the author’s social circle based on their willingness to 
participate. The final sample in the study consisted of 20 subjects in each age group. All 
adult participants and caregivers of the child participants were asked to sign an informed 
consent form (see Appendix I and II) to state their willingness to take part in the study. 
 
Instrumentation 
All stimuli were presented to participants binaurally through a Sennheiser (model: 
HD280 Professional) headphone from an IBM ThinkPad laptop computer (model: R32 
2659HH2) with a SoundMAX Digital Audio sound card. A Quest Electronics sound level 
meter (model: 215) was used to measure the background noise level and auditory output 
from the headphone on the day of the test. Test stimuli were presented binaurally at an 
average level of 82 dB A. This level was chosen to ensure that participants could hear the 
tones clearly in a background noise of an average 45 dB A on the day of the test. 
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Stimuli 
Stimuli were the same as those used in the 120 Hz of Cheung’s study (2005). 
Complex tones with 10 harmonics (from 2nd to 11th), were first filtered using a formant 
filter centered at 700 Hz and with a 200 Hz bandwidth. The amplitude of the tones was 
then normalized. All tones had duration of 100 msec with 10msec rise/fall time. They 
were presented with interstimulus-interval (ISI) of 250 msec at 82 dB A in each trial. 
Standard and comparison tones were synthesized for both training and experimental 
session by using the Praat 4.3 computer program (Boersma & Weenink, 1992-2005). The 
standard tone used in the practice was a complex tone with an F0 of 150Hz. Since the 
aim of the training session was to allow participants to get familiarized with the testing 
procedure, the comparison tones used for training were fixed at 195Hz with a ∆F0 of 
45Hz relative to the standard tone. The standard tones used in the experimental session 
were complex tones with F0 of 120Hz. Comparison tones were tones with F0 of 76.8, 
38.4, 19.2, 9.6, 4.8, 2.4, 1.2, 0.6, 0.3, 0.15 or 0.075 Hz higher than the standard.  
In the 2I-2A FC task, there were two intervals. The first interval was a sequence 
of the standard and comparison tones in random order. The same standard and 
comparison tones were then presented either in the same or in reversed order in the 
second interval. In the 3I-2A FC task, there were three intervals. The first interval was 
the standard tone. The same standard tone could be presented in either the second or third 
interval, while the remaining interval contained the comparison tone. In both tasks, 
successive intervals were separated by 500msec ISI in each trial (see Appendix III). 
 
Procedure 
Hearing screening of pure-tone audiometry was carried out on the day of the test 
to ensure all participants had normal hearing. Pure tones of 500 Hz, 1k Hz and 2k Hz 
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were presented bilaterally at 35 dB HL from a Maden Electronics Micromate 304 
Screening Audiometer. All participants had to pass hearing screening by showing 
response to all the frequencies before participating in the test. 
Each participant completed both frequency discrimination tasks. Each task was 
consisted of a training and experimental session. Training on each frequency 
discrimination task was provided for the participants just before the administration of 
each experimental task. Participants took part in the experimental session only if they 
passed screening criterion in the training session. 
Each participant was seated next to the experimenter in a quiet room in front of a 
laptop computer. The experimenter first explained the task verbally. Then responses for 
first five trials were demonstrated by the experimenter. The training session terminated 
when the participant could produce seven consecutive correct responses. If the 
participants could not produce seven consecutive correct responses after a total twenty 
trials, they were excluded from the study.  
In the 2I-2A FC task, the participants heard two pairs of tones (one pair in each 
interval). In order to attract and maintain the young participants’ attention on the task, 
visual images were presented along with the tones. In the training session, a ‘puppy 
heading upward’ appeared for a sequence of low-high F0 tones while a ‘puppy heading 
downward’ appeared for a sequence of high-low F0 tones (see Appendix IV). In order to 
facilitate the understanding of the preschool ‘same/different’ concept by young 
participants, visual representation for signaling the difference in tones was provided on 
the screen throughout the training session in the 2I-2A FC task. A visual image of a 
puppy was presented when the participants heard the first interval. The same puppy 
appeared if the second interval was of the same order as the first interval. A different 
puppy appeared if the second interval was of the different order as the first one. This 
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visual-auditory association was not explicitly pointed out to participants after hearing the 
second tone pair. By mapping the comparison in visual fashion onto the one in auditory 
fashion, the participants learnt to grasp the concept of comparing the two intervals in 
‘same/difference’ means. Different visual representations were provided in the 
experimental session to ensure that the participants responded to the tones rather than 
matching visual images. A ‘puppy’ heading upward or downward was presented together 
with the first interval, while a ‘house’ was presented together with the second interval. 
Listeners were asked to give a response for deciding whether tones in the two intervals 
had the same or different order. They could respond in either verbal or physical means 
(nodding of the head for the response ‘same’ while shaking of the head for the response 
‘difference’). After they gave a response about the ‘same/difference’ of the auditory 
inputs, the experimenter clicked on the computer to record their responses and move on 
to the next trial. Immediate visual feedback was provided after each trial. A correct 
response was rewarded by the same image of ‘puppy’ that appeared simultaneously with 
the first interval. An incorrect response resulted an image of ‘red cross’ appeared on the 
screen. 
In the 3I-2A FC task, participants heard three tones (one tone in each interval). 
Similar to the 2I-2A FC task, visual images were presented along with the tones. A 
‘jumping chick’ were presented together with the first interval, while two identical ‘eggs’ 
on both sides of the chick were presented together with the second and third intervals (see 
Appendix V). Unlike the training session of 2I-2A FC task having visual-auditory 
association between F0 of the tones and visual image, there was no association between 
the tone and the image ‘jumping chick/ egg’ presented in the training of 3I-2A FC task. 
Therefore, the same visual images could be used in both training and experimental 
sessions. Listeners were required to identify which of the last two intervals contained the 
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tone that was the same as the tone presented in the first interval by pointing to the 
corresponding ‘egg’. After they gave a physical response for the identification, the 
experimenter clicked on the corresponding ‘egg’ to record their responses. A correct 
response was rewarded by an animation of the ‘chick coming out of the egg’.  An 
incorrect response resulted in the ‘egg shaking side-by-side’ without the chick coming 
out.  
In the test, half of the participants first participated in the 2I-2A FC task followed 
by the 3I-2A FC task, while another half of participants participated in reverse order. 
Since equal number of subjects participated in each condition of presentation, the effect 
of practice and motivational level throughout the test were balanced across conditions. A 
tangible reinforcement of a sweet or sticker was given to the child participants to 
appreciate their effort at the end of each task. A break of 3-5 minutes was also given to 
the participants when they finished the training and experimental sessions of the first task. 
They then proceeded to the training session of the second task after the break. The whole 
procedure lasted about 25 minutes with an average of 10 minutes for the 2I-2A FC task 
and 15 minutes for the 3I-2A FC task. The pace of testing was slower for the 4- and 5-
year old children, with around 30 minutes for the whole procedure. 
The F0 difference between the standard tone and comparison tone was fixed 
across trials in the training session since the aim of training session was to familiarize 
participants with the testing procedure. A two-down one-up adaptive procedure (Levitt, 
1971) was used to measure 70.7% correct identification on the psychometric function in 
the experimental session. The F0 difference between the standard and comparison tones 
was doubled when following an incorrect response (-) or a correct response followed by 
an incorrect one (+,-). The F0 difference was halved when two consecutive responses 
were correct (+,+). The initial step size was set at 38.4 Hz since Moore and Moore (2003) 
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stated that a ∆F0 of 20% larger from the center F0 was sufficiently large enough for easy 
discrimination. Table I showed an example of the procedure. A step referred to a move 
from one trial to the next trial in either upward or downward direction.  A reversal 
occurred when there was a change in the direction of a series of steps. The test was 
terminated after eight reversals.  
 
Table I : An Example on the Two-down One-up Adaptive Procedure 
Trial # 1 2 3 4 5 6 7 8 9 10 
Size of  
Current step 
(Hz) 
 
38.4 38.4 19.2 19.2 38.4 38.4 19.2 19.2 9.6 9.6 
Accuracy of 
response 
+ 
 
+ 
 
+ - + + + + + - 
  
Halve the step 
 
Double the step
 
Halve the step 
 
Halve the step 
 
 
Direction of 
Current step 
 
Down  
 
Down  
 
Down  
 
Down 
 
Up  
 
Up  
 
Down  
 
Down  
 
Down  
  
Down  
   ↑  ↑    ↑ 
   Reversal 
Number 
1 
 Reversal 
Number 
2 
   Reversal
Number 
3 
Standard 
tone (Hz) 
 
120 120 120 120 120 120 120 120 120 120 
Comparison 
tone (Hz) 
 
158.4 158.4 139.2 139.2 158.4 158.4 139.2 139.2 129.6 129.6 
 
Calculation of Threshold of F0 Difference Limen of Complex Tones (DLC) 
Results of each participant in the two forced-choice tasks were analyzed 
individually. To ensure the reliability and validity of the data collected, two special 
measures was adopted in analyzing the data. Firstly, any participant who obtained four or 
more out of the eight reversals of 76.8 Hz was excluded from the study. Since the step 
size across successive trials in the training session was fixed at 45 Hz, participants who 
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passed the training session should have a threshold smaller than 76.8 Hz. Secondly, only 
the consistent performance of each participant was taken into account. The criterion to 
determine the consistency of the data was a set of three consecutive reversal points within 
two steps.  
The threshold of F0 DLC for each participant was calculated by taking the mean 
of three consecutive reversal points within two steps plus an adjacent lower reversal point 
which gave the smallest mean threshold within these four reversal points. An example for 
calculating the threshold was shown in Table II. Referring to Table II, there were three 
sets of reversals within two steps (i.e. 1st-3rd, 3rd-5th and 4th-6th reversal). The set from 1st-
3rd reversal were not selected since it did not give the smallest mean value. The set from 
5th – 7th reversal were not selected because there were more than two steps from 1.2 Hz to 
9.6 Hz. The remaining set from 4th-6th reversal was selected since it was followed by the 
7th reversal, which gave the smallest mean value. 
 
Table II : An Example on Calculation of the Mean Threshold of F0 DLC from a Raw 
Data 
Reversal 1st 2nd 3rd 4th 5th 6th 7th 8th 
F0 DLC(Hz) 9.6 19.2 4.8 9.6 4.8 9.6 1.2 2.4 
    ↑   ↑  
    The four reversals selected to 
calculate the mean threshold of F0 
DLC  
F0 DLC = (9.6+4.8+9.6+1.2)/4 Hz 
              = 6.3 Hz 
 
 
Results 
Twenty out of thirty-four children (83.33%) in the 4-year-old group, twenty-eight 
children (71.43%) in the 5-year-old group and twenty-two (90.91%) children in the 6-
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year-old group completed the study. All participants in the 10-year-old and adult groups 
completed the study by passing the inclusion criteria. Five 4-year-old and two 5-year-old 
children failed the training session of the 3I-2A FC task, in which two of the 4-year-old 
children participated in the 3I-2A FC task first. Six 4-year-old and three 5-year-old 
children failed to pass the training session of the 2I-2A FC task, in which one of the 4-
year-old children and one of the 5-year-old children participated in the 2I-2A FC task 
first. They failed the training session since they could not produce seven consecutive 
correct responses for discriminating or identifying tones with large F0 difference. Four 
additional 4-year-old, three 5-year-old and two 6-year-old children were excluded from 
the current study since they produced more than four reversals at 76.8 Hz out of eight 
reversals.  
The means thresholds, standard deviation (SD) and range of F0 DLCs for each 
age group at the 2I-2A FC and 3I-2A FC tasks were summarized in Table III. For both 
2I-2A FC and 3I-2A FC tasks, the mean thresholds and standard deviations were found to 
be the largest at 4-year-old group and decreased generally with increasing age. The 
lowest mean thresholds and standard deviations were found in the adult group. In 
comparing the two forced-choice alternative tasks, the mean thresholds and standard 
deviations in the 3I-2A FC task were found larger than the values in the 2I-2A FC task. 
The variances at 2I-2A FC and 3I-2A FC tasks for age-4 and age-5 groups were more 
than four times larger than those of other age groups so the assumption of homogeneity 
of variances for ANOVA was violated. In order to normalize the distribution for 
statistical analyses, the data were transformed into logarithmic units by log base 2 (mean 
threshold of F0 DLC).  
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Table III : Mean, Standard Deviations & Ranges of F0 DLCs in 2I-2A FC and 3I-2A FC 
tasks 
Task I 2I-2A FC Task 
Age  4;00-5;00 5;00-6;00 6;00-7;00 10;00-11;00 Adult 
Mean (Hz) 9.51 6.48 3.65 2.67 1.55 
SD  9.37 6.40 1.89 1.51 1.15 
Range (Hz) 3.30-38.40 0.90-28.80 0.90-6.60 0.08-5.50 0.08-4.80 
Task II 3I-2A FC Task 
Age  4;00-5;00 5;00-6;00 6;00-7;00 10;00-11;00 Adult 
Mean (Hz) 17.65 13.88 11.82 4.24 3.73 
SD  14.04 13.90 10.70 3.78 6.15 
Range (Hz) 0.83-48.00 2.40-50.40 1.35-38.40 0.45-18.00 0.08-28.80 
 
Two-way repeated measures analysis of variance (ANOVA) was used to analyze 
the data. The research design involved two experimental variables: one between subject 
(age) and one within subject (task). Interaction effect between age and task was not 
significant, F(4, 95)=0.49, p=.74. Therefore, there was no significant effect of the 
combination of the two factors. In order to investigate whether the thresholds in the 2I-
2A FC and 3I-2A FC tasks were different at each age group, post-hoc Tukey HSD test 
was performed. Post-hoc Tukey HSD test revealed that the mean threshold of F0 DLC in 
the 3I-2A FC task was significantly larger than the mean threshold in the 2I-2A FC task 
in age-6 group. Significant main effect was found for age, F(4, 95)=16.4, p=.00. Post-hoc 
Tukey HSD test revealed significant differences between (i) the adult group and all age 
groups except age-10 group; (ii) the age-4 and the age-10 groups.  The mean threshold of 
F0 DLC of the younger age groups was significantly larger than the adult or age-10 
group. Significant main effect was also found for task, F(1, 95)=32.7, p=.00. The 3I-2A 
FC task showed significantly larger mean threshold of F0 DLC than the 2I-2A FC task. 
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Ten participants in each age group were randomly selected to undertake the tests 
again two weeks after the first attempt of the test to check for test-retest reliability. They 
all passed the training session on the day of re-test. Pearson Product-Moment Correlation 
Coefficient r was used to evaluate the test-retest reliability for both 2I-2A FC task and 3I-
2A FC task. The mean thresholds of F0 DLC collected in the second occasion was 
significantly correlated with the mean thresholds in the first occasion for both the 2I-2A 
FC, r=.80, p<.05 (two-tailed) and the 3I-2A FC, r=.88, p<.05 (two-tailed) tasks.  
 
Discussion 
The results of the present study indicated the following findings: (i) F0 discrimination 
thresholds at both 2I-2A FC and 3I-2A FC tasks reached adult standard by age-10; (ii) F0 
discrimination of complex tones was influenced by task-related demands; (iii) The effect 
of task-related demand on memory did not interact with the effect of age. 
 
Developmental milestone of F0 discrimination of complex tones 
The present study indicated that there was significant improvement in F0 
discrimination ability from age 4 to 10 and the discrimination ability was adult-like by 
age 10. No further significant improvement in F0 discrimination occurred beyond the age 
of 10. The current investigation was in agreement with Kung’s finding (2005) that 
children achieved the adult level of F0 discrimination by age 10. Similar finding was also 
reported by in the study of Thompson, Cranford and Hoyer (1999) on frequency 
discrimination of pure tone, suggesting that children have similar rate of maturation for 
complex tone F0 discrimination and pure tone frequency discrimination.  
Cheung (2005) showed that children’s ability in F0 discrimination did not reach 
adult level until around 6-year-old. Comparing her result with the current finding, the 
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current result showed a later plateau of the F0 discrimination ability with larger F0 
discrimination thresholds across all age groups. The difference between the thresholds 
found in Cheung’s study and the present study decreased with increasing age. The 
difference in findings might come from the smaller sample size and higher rejection rate 
in Cheung’s study, which threatened the sensitivity of her study. The current study 
expanded the sample size from ten in Cheung’s study to twenty for each age group, and 
reduced the rejection rate from 33% in Cheung’s study to 17% for the 4-year-old group. 
The difference in findings might also come from the larger demand on modulating and 
shifting attention in the present study. Cheung employed one testing paradigm (2I-2A FC) 
while the present study used two testing paradigms (2I-2A FC and 3I-2A FC) for 
studying children’s ability in F0 discrimination. Participants should be able to modulate 
and shift their attention form one paradigm to another so as to fulfill the demand of each 
task (Rose et al, 2005). Therefore, the extra demand on modulating and shifting attention 
in present study might hinder the participants from making F0 discrimination. It might 
provide possible account for the larger F0 discrimination thresholds found in the present 
study. By comparing the thresholds in Cheung’s study with those in the present study, the 
reduction of the difference across age might also suggest that the ability of attention 
modulation and shifting was developmental and improved with increasing age.   
 
Validity of 2I-2A FC & 3I-2I FC Paradigms 
Finding (ii) verified the first hypothesis that the task-related demand of memory 
influenced the F0 discrimination of complex tones. The mean thresholds of F0 DLC in 
the 3I-2A FC task were higher than that in the 2I-2A FC task. In the 2I-2A FC paradigm, 
participants could make F0 discrimination simply by comparing the two intervals in term 
of the temporal order of the two tones in each interval. It only necessitated participants’ 
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knowledge of making comparison and distinction for the ‘same/different’ concept that 
was expected to be acquired around age 3 to 4 (Opper, 1996). However, in addition to 
that pre-requisite knowledge, the 3I-2A FC paradigm also required participants to 
memorize the pitch and temporal order of the tones for making comparison. Participants 
might then make the ‘same/different’ judgments by comparing the first tone to the second 
one and the first tone to the third one. Therefore, the extra demand on memory of the 3I-
2A FC paradigm might have increased the difficulty for making F0 discrimination of 
complex tones. Such finding could account for the higher mean thresholds of F0 DLC 
found in the 3I-2A FC paradigm used by Kung (2005) than those found in the 2I-2A FC 
paradigm used by Cheung (2005). With the reduced demand on memory, the 2I-2A FC 
might provide a more valid means for measuring frequency discrimination. 
Bishop and McArthur (2004) found that the effect of nonperceptual, task-related 
demands on the mean threshold of F0 DLC was not statistically significant. The 
difference in stimuli was less likely to account for the conflicting findings with the 
current study. Bishop and McArthur’s study was based on frequency discrimination of 
pure tones with a brief duration of 25-ms, while ours focused on F0 discrimination of 
complex tones with a longer duration (100-ms). According to Thompson, Cranford and 
Hoyer (1999), smaller F0 discrimination thresholds were expected for longer tones. 
Therefore, the thresholds found in the current study should be expected to be smaller than 
those found in Bishop and McArthur’s study. However, the opposing finding suggested 
that the difference in stimulus duration could not account for the larger thresholds in the 
current study. Bishop and McArthur (2005) also provided evidence to overthrow the 
possible influence of stimulus type (pure tone/complex tone) on F0 discrimination. They 
found that there was no significant effect of stimulus type on F0 discrimination in their 
adolescent controls. 
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The discrepancy in observation between Bishop and McArthur’s study (2004) and 
the current study might attribute to different tasks employed or subjects recruited. Both 
the 2I-2A FC and 3I-2A FC tasks adopted by Bishop and McArthur were different from 
the ones used in the current study. The 2I-2A FC task used in Bishop and McArthur’s 
study required participants to make absolute ‘high/low’ judgment by identifying the 
intervals with a higher-frequency tone while the current 2I-2A FC task only involved 
making relative judgment on ‘same/different’ basis. The absolute judgment of their study 
likely posed greater linguistic demand than the relative judgment of the present study. 
Conversely, the 3I-2A FC task used by Bishop and McArthur stretched less on memory 
than the current 3I-2A FC task. The standard tone for comparison was presented in the 
second interval in their study while in the first interval in the current study. Unlike the 
current 3I-2A FC task used, participants in their study could make direct comparison 
from the first tone to the second one and from the second tone to the third one without the 
need to memorize the first tone. Therefore, the influence of the greater linguistic demand 
in the 2I-2A FC task might be counter-balanced by the effect of the reduced cognitive 
demand on memory in the 3I-2A FC task in Bishop and Arthur’s study. It might provide 
possible reason for the lack of significant effect of task-related demand on F0 
discrimination.  
The population studied by Bishop and McArthur (2004) was also different from 
the one in the current study. Bishop and McArthur aimed to identify possible account of 
task-related demands for the poor FD thresholds in the population of specific language 
impairment (SLI). Unlike the children recruited in the present study, all participants in 
their study were adolescent and young adult with either normal language or specific 
language impairment. The effect of task should be minimized for the older participants in 
their study. Therefore, the difference between Bishop and McArthur’s finding and the 
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finding in the current study might probably come from the different population being 
investigated. 
 
Interaction between the effect of age & task-related demand 
In the introduction, it was hypothesized that the difference of the mean thresholds 
of F0 DLC between the 2I-2A FC and 3I-2A FC tasks would diminish with increasing 
age. Statistical analysis showed that the interaction between age and task-related demand 
was not significant. Therefore, the analysis was then shifted to look at the differences of 
the mean thresholds between the 2I-2A FC and 3I-2A FC tasks at all age groups.  
For the group of age 4 and age 5, the mean thresholds remained high without 
significant difference between the two tasks. It might indicate that the F0 discrimination 
of children in those age groups was governed by their perceptual ability in F0 
discrimination. With the immature ability on F0 discrimination, children aged 4 to 6 
showed consistently poor performance in both 2I-2A FC and 3I-2A FC tasks. Significant 
difference in the mean thresholds was found between the two tasks for the group of age 6. 
The result might reveal that the influence of task-related demand was the major factor 
governing children’s performance in F0 discrimination at that age. Children aged 6 
should be undergoing significant improvement in perceptual ability on F0 discrimination 
as suggested by the finding (i). Therefore, children at that age could utilize their 
perceptual ability to improve performance in the 2I-2A FC task. However, in order to 
fulfill the task-related demand on memory in the 3I-2A FC task, children were likely to 
require sub-vocal rehearsal skills that were acquired at around age 7 or 8 (Gathercole, 
1996). Failure to use sub-vocal rehearsal for holding auditory information might hinder 
the performance of the 6-year-old children in the 3I-2A FC task.  
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The thresholds kept to a minimum level for the age-10 and adult groups. 
Although the thresholds for these age groups in the 3I-2A FC task were twice as large as 
those in the 2I-2A FC task, the differences between tasks were not statistically significant. 
One possible reason for the difference in threshold between tasks was the small sample 
size and the large individual variability within each age group. A relatively extreme data 
at a particular age group might lead to significantly different value of the mean threshold. 
Absence of significant difference between the means thresholds obtained in the 2I-2A FC 
and 3I-2A FC tasks might indicate the maturation of both perceptual and cognitive 
abilities among 10-year-old children and adults. Therefore, they could achieve similar, 
small mean thresholds in both 2I-2A FC and 3I-2A FC tasks. 
The developmental change of the governing factors in F0 discrimination might 
explain the difference in the developmental milestone reported by Cheung (2005) and 
Kung (2005). The 2I-2A FC test paradigm demanded children’s perceptual ability only 
by bypassing the non-perceptual task-related demand on memory. Therefore, children by 
the age of 6 should be able to fulfill the demand associated with the 2I-2A FC task. 
However, the 3I-2A FC test paradigm demand children’s ability of memory which might 
still be found difficult by children aged 6. Therefore, Kung found that children could 
fulfill the memory demand associated with the 3I-2A FC task only by the age of 10.  
 
Other Factors influencing the performance in F0 discrimination  
Large individual differences were observed in all age groups, especially the 
groups of age 4 and 5. Similar large individual differences across ages were reported by 
Jensen and Neff (1993). Such differences might be attributed to normal individual 
differences of abilities, such as differential development of basic auditory skills and 
cognitive skills. Immature auditory and cognitive skills in early years hindered younger 
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children from passing the training session or giving consistent responses in the 
discrimination tasks, which might provide possible account for the high rejection rate in 
the age-4 and age-5 groups.  
Results in the current study showed that more participants failed the training 
session in the second task, which contributed to 75% (12/16) of the total rejection rate. 
Higher mean thresholds of F0 DLC were also reported by averaging the performance 
across two test paradigms in the present study than by observing the performance in a 
single test paradigm in either Cheung’s (2005) or Kung’s (2005) study. Those evidences 
might indicate that modulation of attention played a role in discrimination task. With the 
two different test paradigms employed in the present study, participants have to learn and 
modulate their attention from one task to another. Rose et al (2005) suggested that 
younger children were more vulnerable to variation in the level of stimulation than older 
children due to their limited experience of cognitive modulation. Therefore, the use of 
two test paradigms in the present study might tax on younger children’s ability in 
modulating their attention and hindered their performance in the second task.  
Cheung (2005) pointed out that the amount of training might affect the 
participants’ performance in F0 discrimination. Apart from the pre-test training, the ear 
training in musical expertise was also drawn into attention. Tervaniemi et al (2005) found 
that children with musical expertise performed better in frequency discrimination than 
those without musical expertise. Current study also found that six of the 10-year-old 
participants had musical training and showed an obviously better performance than their 
peers without related background. Therefore, musical expertise of the older children and 
adults might confound the results in the current study. 
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Test-retest Reliability  
A fairly strong correlation was found in both 2I-2A FC task and 3I-2A FC task. 
Participants showed consistent performance in both tasks in the test and retest conditions. 
Therefore, it might conclude that the current study was reliable to estimate the thresholds 
of F0 DLC. The results could further support that both 2I-2A FC and 3I-2A FC tasks 
were reliable decision paradigms for measuring F0 discrimination thresholds of complex 
tones. 
 
Clinical Implication 
Results in the current study offered valuable information about decision-making 
processes associated with any discrimination task. It showed that children’s F0 
discrimination was affected by task-related demand on memory. To ensure a high validity 
of the study, further studies on frequency discrimination should utilize behavioral test 
paradigm which demands less on cognitive memory (e.g. 2I-2A FC paradigm). 
The present study also provided implication for the investigation on the 
underlying deficit of disordered populations. Auditory processing deficit was commonly 
reported in the population of dyslexia (Heiervang, Stevenson & Hugdahl, 2002) and 
specific language impairment (SLI) (Bishop & McArthur, 2004). Recent studies aimed to 
find supporting evidence for relating the processing deficit to a deficit in verbal working 
memory among dyslexia (Ahissar & Banai, 2004) and SLI (Bavin et al, 2005). With the 
significantly larger task-related demand on memory in the 3I-2A FC paradigm, people 
with dyslexia or SLI were expected to show better performance in the 2I-2A FC 
paradigm than in the 3I-2A FC paradigm. Therefore, the 2I-2A FC and 3I-2A FC 
paradigms might provide a means for further investigation on those disordered population. 
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Limitation & Directions for Further Research 
The present study included limitation of high rejection rate of preschool children 
and lack of control on musical expertise of the participants. High rejection rate might 
result in low sensitivity of the current study. Lack of control on musical expertise of the 
participants might lead to a biased sample which might threaten the validity of the study. 
With the high rejection rate and variations of the preschool children, the 
conclusion derived from the current study was under concern. Further research is 
recommended to include more extensive training so as to make the rejection rate to 
minimum level. A larger sample is also suggested for increasing the sensitivity of the 
study. Musical expertise of the participants should also be controlled for ensuring an 
unbiased sample.  
There was significant difference in term of task-related demand on memory 
between the 2I-2A FC and 3I-2A FC paradigms. Further study may extend the 
investigation to disordered population by using these two paradigms. With the difference 
between the two paradigms in terms of memory demand, it may help to identify possible 
origin of the dyslexia and specific language impairment. 
 
Conclusion 
The present study investigated the F0 discrimination ability of normally hearing 
preschool and school aged children with reference to the adult standard. Results showed 
that children’s ability in F0 discrimination of complex tones improved significantly from 
age 4 to 10 and reached the adult standard by the age of 10. F0 discrimination was also 
affected by task-related demand on memory, resulting in higher mean thresholds of F0 
DLC in the 3I-2A FC paradigm than in the 2I-2A FC paradigm. No significant interaction 
was found between the effect of age and task-related demand on memory. 
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Appendix I 
Consent Form for Caregiver of the Children Participants 
香港大學教育學院 
言語及聽覺科學部 
四至十歲香港兒童的記憶與頻率分辨之研究 
 
同意書 
 
本部將由副教授祝家華博士 (Dr Valter Ciocca) 帶領史佩欣同學進行一項有關 “記憶
與頻率分辨”之研究，目的是為了解香港兒童在四至十歲成長期間記憶與頻率分辨
的關係。閣下的支持，將會有幫助我們了解香港兒童的聽力表現與記憶能力的關
係。 
 
現誠邀  貴子女參與是次研究計劃，整個測試過程需時大概三十分鐘，分「聽力評
估」和「測試部份」二個環節進行。 
1. 聽力評估 
在第一小節中,   貴子女會先接受一個簡單的聽力評估，以確保聽力合乎是
次研究標準。 
2. 測試部份 
在第二小節中,   貴子女會帶著聽筒完成以下兩個聽力練習。 
A. 在聽力練習(A)中，測試員會播放出兩個響聲，而  貴子女只需判斷該兩
個響聲是一樣或是不一樣。 
B. 在聽力練習(B)中，測試員會先播放出一個標準響聲, 繼而播放出兩個響
聲,   貴子女需判斷出哪一個響聲和標準響聲一樣。 
 
我們只會在  貴子女願意參與時才進行這些遊戲。閣下亦可隨時終止參與是項計
劃而不受任何影響。測試會採用音量適中的響聲和以遊戲進行，過程對閣下並沒
有害處。整個研究所獲得的資料只會作是次硏究之用，並予以保密。 
我們十分感謝閣下的支持及參與。如有任何疑問，請致電 60298501 與史佩欣同學
聯絡。 
 
 
參加者姓名: ____________________________ 
出生日期: ______________________________ 
 
本人明白是次測試所獲得的資料只會作硏究之用，並予以保密。本人有權因個人
理由，終止子女參與是次研究計劃。本人完全明白以上內容, 並願意讓本人子女參
與是次研究計劃。 
 
家長/監護人簽署： 
 
_____________________________ 
 
聯絡電話：___________________ 
 
日期：_______________________ 
硏究員簽署： 
 
_____________________________ 
香港大學言語及聽覺科學部 
四年級學生史佩欣 
 
日期：_______________________ 
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Appendix II 
Consent Form for Adult Participants 
香港大學教育學院 
言語及聽覺科學部 
四至十歲香港兒童的記憶與頻率分辨之研究 
 
同意書 
 
本部將由副教授祝家華博士 (Dr Valter Ciocca) 帶領史佩欣同學進行一項有關 “記憶
與頻率分辨”之研究，目的是為了解香港兒童在四至十歲成長期間記憶與頻率分辨
的關係。閣下的支持，將會有幫助我們了解香港兒童的聽力表現與記憶能力的關
係。 
 
現誠邀閣下參與是次研究計劃，整個測試過程需時大概三十分鐘，分「聽力評
估」和「測試部份」二個環節進行。 
1. 聽力評估 
在第一小節中，閣下會先接受一個簡單的聽力評估，以確保聽力合乎是次
研究標準。 
2. 測試部份 
在第二小節中，閣下會帶著聽筒完成以下兩個聽力練習。 
A. 在聽力練習(A)中，測試員會播放出兩個響聲，而閣下只需判斷該兩個響
聲是一樣或是不一樣。 
B. 在聽力練習(B)中，測試員會先播放出一個標準響聲, 繼而播放出兩個響
聲, 閣下需判斷出哪一個響聲和標準響聲一樣。 
 
我們只會在閣下願意參與時才進行這些遊戲。閣下亦可隨時終止參與是項計劃而
不受任何影響。測試會採用音量適中的響聲和以遊戲進行，過程對閣下並沒有害
處。整個研究所獲得的資料只會作是次硏究之用，並予以保密。 
 
我們十分感謝閣下的支持及參與。如有任何疑問，請致電 60298501 與史佩欣同學
聯絡。 
 
參加者姓名: ____________________________ 
出生日期: ______________________________ 
 
本人明白是次測試所獲得的資料只會作硏究之用，並予以保密。本人有權因個人
理由，終止參與是次研究計劃。本人完全明白以上內容, 並願意參與是次研究計
劃。 
 
參加者簽署： 
 
_____________________________ 
 
聯絡電話：___________________ 
 
日期：_______________________ 
硏究員簽署： 
 
_____________________________ 
香港大學言語及聽覺科學部 
四年級學生史佩欣 
 
日期：_______________________ 
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Appendix III 
Structures of the Acoustic Stimuli  
 
Figure 1: The structures in a stimulus used in the 2I-2A FC task  
 
 
 
 
 
 
Figure 2: The structures in a stimulus used in the 3I-2A FC task  
 
 
 
 
 
1st Interval 2nd Interval 
Random sequence 
of 
Standard Tone #1 
& Comparison Tone #2 
Standard Tone #1 
& Comparison Tone #2 
with either the same  
or reversed order 
Silent gap 
with 500ms Interstimulus-interval
(ISI)
2-Interval 2-Alternative Forced Choice task 
(2I-2A FC)
1st Interval 2nd Interval 3rd Interval 
 
Standard Tone #1 
Standard Tone #1 
Or Comparison Tone #2
Standard Tone #1  
Or 
Comparison Tone #2
 
Silent gap 
with 500ms 
Interstimulus-interval
(ISI) 
Silent gap 
with 500ms 
Interstimulus-interval 
(ISI) 
3-Interval 2-Alternative Forced Choice task 
(3I-2A FC)
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Appendix IV 
 
The Sequence of the Auditory and Visual Presentation in 2I-3A FC task 
during Training & Experimental sessions 
 
 
Auditory Presentation Visual Images  
presented along in each trial 
During Training session During Experimental session
1st  Interval  
(e.g. a pair of  
low-to-high tones) 
2nd Interval 
(e.g. a pair of  
high-to-low tones) 
  
 
Question Time: Are the two intervals of tones are the same or different? 
Response time  
by the participant 
 
 
Visual feedback 
 
 
 
 
(shown after each correct 
response) 
(shown after each incorrect 
response) 
 
SAME DIFFERENT 
 34
Appendix V 
The Sequence of the Auditory and Visual Presentation in 3I-3A FC task 
during Training & Experimental sessions 
 
Auditory Presentation Visual Images 
presented along in each trial 
During both Training session & Experimental session 
1st  Interval  
(e.g. a low tone) 
 
2nd Interval 
(e.g. a high tone) 
 
3rd Interval  
(e.g. a low tone) 
 
  
Question Time:  Which of the last two intervals contains the tone  
that is the same as the tone presented in the first interval? 
 
Response time  
by the participant 
                                                                
Visual feedback 
  
(shown after each correct 
response) 
(shown after each incorrect 
response) 
 
